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THE SHOCK-EXPANSION TUBE 

AND ITS APPLICATION AS A SONIC BOOM SIMULATOR 

By Hugo E. Dahlke, George T. Kantarges 

Thomas E. Siddon, and John J. Van Houten 

LTV Research Center, Western Division 
Ling-Temco-Vought, Inc. 

SUMMARY 

The generation of simulated sonic boom by mechanical 1: bur sting 

a pressurized diaphragm in a shock tube and expanding through an 

acoustic horn is described. 

An analysis of the expansion tube phenomena is presented, the 
characteristics of the various wave and wave interactions in the 

tube-horn combination are established and projected in an x-t 

diagram. Mathematical expressions for these characteristic wave 

motions are computed for the expansion tube. 

The simulator, installed on a trailer, consists of two shock tube 

driver sections, each 12 feet long coupled to an exponential 

horn with a mouth diameter of 13 feet and a lower cutoff frequency 

Of 50 Hz. A variable time delay circuit provides a controllable 

period between the bursting of the two diaphragms. 

The simulator can generate double blast waves with a maximum peak 

pressure of 27 psf (156 dB Ref. 2 x dynes/m2) at 10 feet 

from the horn (on axis) using static pressure of 30 psig. The 
=eorL durstion is - - - - : - ~ i -  V U L I U U L b  L A V A . ,  ...- in tc ~ ; Q Q  m S ~ c -  
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The performance of the s imula tor  was evaluated a t  Edwards 

A i r  Force B a s e  by NASA personnel .  Subjec t ive  d a t a  w e r e  obtained 

f o r  q u a n t i t a t i v e  eva lua t ion .  S t r u c t u r a l  response measurements 

on t w o  instrumented houses w e r e  a l s o  c o l l e c t e d .  Data showing 

the shape of t h e  b l a s t  wave p res su re  s i g n a t u r e s ,  t h e  r a d i a t i o n  

pattern on the ground, and b l a s t  wave p res su re  a s  a func t ion  of 

d i s t ance  from t h e  s imula tor  a r e  presented.  

INTRODUCTION 

T h e  phenomenon of s o n i c  boom genera t ion  by h igh  speed a i r c r a f t  

h a s  commanded cons iderable  i n v e s t i g a t i o n  and h a s  r e s u l t e d  i n  

ex tens ive  f l i g h t  t e s t i n g  t o  o b t a i n  t h e  necessary da t a .  T h i s  

procedure i s  both  c o s t l y  and t i m e  consuming, r e q u i r i n g  t h e  co- 

o rd ina t ion  of a l a r g e  s t a f f .  The na tu re  of the son ic  boom 

problem i s  presented by  Magliere and Carlson (Ref. 1) w h e r e  t h e  

wave p a t t e r n  i s  descr ibed  and explained i n  terms of the p res su re  

d i s t r i b u t i o n s  t o  an observer  on the ground. As discussed  i n  t h e  

re ference ,  t h e  e a r  response i s  s e n s i t i v e  only  t o  the two shock 

f r o n t s  and not  t o  t h e  slowly changing p r e s s u r e  between them. 

I t  was, t h e r e f o r e ,  p red ic t ed  t h a t  i f  two shock f r o n t s  w e r e  

generated by convent ional  shock tubes  wi th  a v a r i a b l e  t i m e  delay 

between b l a s t s ,  a s imulated s o n i c  boom s u i t a b l e  f o r  s u b j e c t i v e  

eva lua t ion  would r e s u l t .  

T h e  b l a s t  waves emanating f r o m  t h e  t w o  shock t u b e s  would be 

expanded through a l a r g e  horn  t o  reduce the p r e s s u r e s  and improve 

l o w  frequency propagation. 

2 



The effects of subjective evaluation of sonic booms by artificial 

means were investigated by Zepler and Hare1 (Ref. 2). That study 

describes the use of a pressure transducer in the form of an ear- 

phone to generate the N-wave response. The effects of loudness 

versus rise time were investigated indicating that loudness is 

determined by the two pressure pulses while frequencies below 

50 Hz are not important in the subjective analysis. 

The need for a method of generating a simulated sonic boom-was 

a l so  indicated by the continued demand to study the reaction of 

community response to sonic booms and to investigate effects on 

the integrity of structures. 

The advantages of the sonic boom simulating apparatus are evident 

by the relative simplicity of its operation, transportability, 

low cost of operation, and the ability to obtain variable inten- 

sities and time delays in the generation of sonic booms. 

This report presents characteristics of the shock-expansion tube, 

i.e., the combination of a shock tube with an acoustic horn, and 
a description of the application of the device, which is designed 

to generate two weak shock waves and to serve as a controllable 

source of sonic booms. 

CHARACTERISTICS OF THE SHOCK-EXPANSION TUBE 

Acoustic pressure transients can be generated by the process of 

mechanically bursting a pressurized diaphragm as is accomplished 

by the shock tube technique. These pressure transients have 

p ~ t e ~ t i a l  a p p l i C G . t i u r l s  ~ssuciaied ~i t l -1  s i u d i e s  G I ~  p l i y ~ i u l ~ y i ~ ~ l  
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and structural response to sonic boom pressures. The generation 

of transients having pressure amplitudes approaching those of 

sonic boom phenomena cannot be accomplished by direct applica- 

tion of conventional shock tube procedures. However, by coupling 

the shock tube with an acoustic horn, it has been possible to 

generate weak wave fronts with #'jump pressures" more closely 

approximating those associated with sonic boom phenomena (i. e., 

of the order of 10 psf).* The horn is also necessary to provide 

for more efficient propagation and directional response of--the 

generated shock front. Experiments have been performed to 

establish the validity of the analytical procedures. 

of these experiments is presented in the following section. 

A discussion 

Analysis of The Expansion Tube, 
The x-t Plane 

The expansion tube system, or shock tube-acoustic horn combina- 

tion, is designed to operate by pressurizing a diaphragm with a 

gas and then bursting the stretched material by piercing. The 

experimental apparatus is shown in Figure 1. The mechanics 

of this process are summarized in the characteristics diagram 

of Figure 2. This diagram illustrates the various waves and 

wave interactions which occur in the shock tube-horn combination. 

The location of a wave at a given time after the diaphragm was 

burst is depicted by the various characteristics in the x-t plane. 

The projection of wave motion on this plane is readily accomplishec 

since predictable wave velocities are graphically represented by 

* Considerable work has been reported in the area of strong shock 
system development by application of the expansion or shock 
tunnel. For example, see Trimpi and Collis (Ref. 3 ) .  

4 
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the slope of a line shown in the x-t diagram. Mathematical 

expressions for each characteristic of interest have been 

established by I. I. Glass (Ref. 4) and G. B. Whitham (Ref. 5). 

These expressions have been summarized in Figure 3 and outlined 

in detail in Appendix I. 

The above mentioned wave characteristics have been computed 

by Glass for the shock tube application over a broad range of 

shock strengths. These computations have been expanded (Ref. 6) 

to include weak shock.associated with the tube-horn combination. 

A description of weak shock behavior and computations for shock 

strength in the range of a few pounds/foot2 are also presented 

in Reference 6. 

The analytical method discussed by Whitham must be used in 

calculating the expansion through an acoustic horn in order to 

predict the wave characteristics in this region. Again, the 

pertinent analytical expressions are shown in Figure 3 and 

Appendix I. Computations have been made for wave motion in 

this expansion region at incremental changes of acoustic horn 

area. The strength or pressure of the primary wave is predicted 

from the wave speed by 

From the shock wave equations (Appendix I), it may be shown that 
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This r e l a t i o n  i s  u t i l i z e d  i n  t h e  ex t r apo la t ion  of t h e  curves of 

Figure 1, (Appendix I ) ,  t o  very weak waves. 

For t h e  same l i m i t i n g  case,  Whitham’s s o l u t i o n  f o r  t h e  expansion 

region (Ref. 5) reduces t o  

where K = 0.5 fo r  weak shocks. 

For an exponent ia l  horn,  An/A, =e2x4 and by use of t h e  r e l a t i o n  

t h e  p re s su re  a t  a x i a l  d i s t ance ,  x, from t h e  horn mouth becomes 

where N 

P 2 - n a  [ ~ 2 1 - n - l ]  

which i s  compatible with t h e  equivalent  r e s u l t  from l i n e a r  

a c o u s t i c s  and has  been u t i l i z e d  i n  the prepara t ion  of Figure 8. 

Computation of the Parameters 
of t h e  Expansion Tube 
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shock-expansion t u b e  system. The information h a s  a l s o  been 

presented i n  the form of graphs i n  F igures  1 through 5 of 

Appendix I ,  Complete x-t  diagrams can be obtained us ing  the 

t abu la t ed  and char ted  computations. 

DESCRIPTION O F  THE SIMULATOR 

The s imulator  system c o n s i s t s  of two shock t u b e  d r i v e r  s e c t i o n s  

of 12-foot l eng ths  coupled i n t o  an exponent ia l  horn having- a 

13-foot diameter and 13-foot length.  I ts  l o w e r  cu to f f  f r e -  

quency is  50 Hz .  Cellophane diaphragms sepa ra t ing  the two 

pressur ized  d r i v e r  sections from t h e  horn a r e  punctured by u s e  

of t w o  e lec t romagnet ica l ly  d r iven  plungers .  A v a r i a b l e  e l e c t r o n i c  

time delay c i r c u i t  provides  a c o n t r o l l a b l e  per iod  be tween  t h e  

b u r s t i n g  of t h e  two diaphragms t h u s  providing a v a r i a b l e  du ra t ion  

b e t w e e n  the two b l a s t s  of the s imulated son ic  boom. 

F i g u r e  4 i s  a photograph showing the complete s imula tor  mounted 

on a t r a i l e r .  The e s s e n t i a l  components a r e  t h e  two d r i v e r  tube  

sections, the horn, and t h e  e l e c t r o n i c  and pneumatic c o n t r o l  

console. Storage t anks  conta in ing  n i t rogen  used t o  p r e s s u r i z e  

t h e  d r i v e r  tube  s e c t i o n s  a r e  v i s i b l e  near  the console .  T h e  i n s i d e  

of each d r i v e r  t u b e  i s  l i n e d  wi th  f e l t  t o  a t t e n u a t e  t h e  waves 

r e f l e c t e d  from t h e  end p l a t e  of t h e  d r i v e r  tube .  

The diaphragm punctur ing dev ices  o r  p lungers  a r e  mounted concen- 

t r i c a l l y  i n s i d e  each d r i v e r  t ube  behind t h e  diaphragm a s  shown 

i n  F i g u r e s  5 and 6.  The e l ec t r i c  power r equ i r ed  t o  ope ra t e  the 

Plunger c o n s i s t s  of a 60 Hz p u l s e  of approximately 100 m s  d u r a t i o n  

and a peak-to-peak amplitude of 80 v o l t s .  The power i s  d e l i v e r e d  

10 
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f r o m  the  e l e c t r o n i c  d r i v e r  loca ted  i n s i d e  the console.  T h e  

dura t ion  of t h e  boom i s  v a r i a b l e  from 10 t o  600 msec. The 

required s t a t i c  p re s su re  i n  t h e  d r i v e r  tube can be ad jus t ed  

from 5 t o  50 p s i  us ing  compressed a i r  o r  n i t rogen .  

The s imulator  genera tes  p re s su re  amplitudes which a r e  of the 

same magnitude a s  those  received from a supersonic  a i r c r a f t .  

A block diagram of t h e  pneumatic and e l e c t r o n i c  ins t rumenta t ion  

i n  t h e  console i s  shown i n  Figure 7.  

SPECTRAL ANALYSIS OF GENERATED WAVES 

A determinat ion of the frequency content  or s p e c t r a l  a n a l y s i s  

of the waves generated can be der ived  from t h e  p re s su re  t i m e  

h i s t o r y  by approximating the s i g n a t u r e  a s  an exponent ia l  b l a s t  

wave of t h e  form 

+ 

A genera l ized  t ransform can be made t o  e s t a b l i s h  the frequency 

content of t h i s  t r a n s i e n t  a s  shown i n  F igure  8. Experimentation 

h a s  been conducted t o  v e r i f y  the accuracy of t h e  b l a s t  wave 

assumption (Ref. 7 )  . 

Due t o  t h e  nonl inear  na tu re  of t h e  problem, it i s  a n t i c i p a t e d  t h a t  

t h e  frequency content  changes a s  a func t ion  of  d i s t a n c e  from t h e  

b l a s t  tube ,  and only approximates an exponent ia l  b l a s t  wave wi th  

constant  per iod when t h e  weak wave cond i t ion  e x i s t s .  

14 
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A v a r i e t y  of p r e s s u r e  s i g n a l s  can be generated using t h i s  b a s i c  

system. For example, Figure 9 i n d i c a t e s  the p res su re  t i m e  

h i s t o r y  a t  a p o s i t i o n  i n  f r o n t  of t h e  exponent ia l  horn. I t  i s  

p o s s i b l e  t o  vary the amplitude of each boom by s u i t a b l e  ad jus t -  

ment of t h e  i n i t i a l  s t a t i c  pressure  i n  t h e  d r i v e r  t u b e s .  T e s t s  

have ind ica t ed ,  by  measurements taken a t  l a t e r a l  o r  o f f - ax i s  

p o s i t i o n s  of the horn,  t h a t  some con t ro l  of a v a r i a t i o n  of t h e  

rise t i m e  i s  achieved i n  this  manner. Depending on t h e  loca t ion ,  

p re s su res  above 25  psf  have been achieved over a rather l a r g e  

a r e a  around the e x i t  of the horn. 

The p res su re  s i g n a t u r e s  i n  F i g u r e  9 c l o s e l y  approximates the 

s u b j e c t i v e  r e a c t i o n  t o  son ic  boom phenomena of Reference 2. 

Analog s imula t ion  was performed i n  our l abora to ry  i n  order t o  

e s t a b l i s h  t h e  t r a n s f e r  func t ion  required t o  provide t h i s  wave 

s i g n a t u r e  f r o m  a perfect N-wave t r a n s i e n t .  F i g u r e  10 i n d i c a t e s  

the r e s u l t  of t h i s  experiment. The inpu t  wave s igna tu re  was an 

i d e a l  N-wave which transformed t o  a t r a n s i e n t  very s i m i l a r  t o  

t h a t  shown i n  F igure  9 by i n s e r t i n g  a high pass  f i l t e r  designed 

w i t h  a lower cut-off frequency of  approximately 35 H z .  

TEST DATA 

The s imula tor  was t r anspor t ed  t o  Edwards A i r  Force Base t o  

e v a l u a t e  the e f f e c t i v e n e s s  of t h e  apparatus .  Two t ypes  of t e s t s  

w e r e  conducted by NASA personnel using the s imulator .  

1. Sub jec t ive  d a t a  of a q u a l i t a t i v e  na tu re  w e r e  obtained 

u s i n g  personnel  f a m i l i a r  w i t h  a c t u a l  sonic  booms 

gene ra t ed  i n  the a rea  during extended sonic  boom proqress .  

17 
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2. Data w e r e  obtained using t h e  s imulator  on two i n s t r u -  

mented houses b u i l t  f o r  t h e  purpose of c o l l e c t i n g  

information on s t r u c t u r a l  response t o  s o n i c  booms. 

The types  of d a t a  obtained included a c o u s t i c  impinge- 

ment, s t r a i n  and v i b r a t i o n  on s t r u c t u r a l  elements,  

and p res su res  i n  va r ious  p a r t s  of t h e  t w o  s t r u c t u r e s .  

Overpressures o r  b l a s t  amplitudes t h a t  can be generated with t h e  

s imulator  a r e  shown i n  Figure 11. The on-axis overpressure  i n  

psf  i s  shown a t  a number of d i s t a n c e s  from t h e  mouth of t h e  

horn f o r  d r i v e r  p re s su res  ( s t a t i c  p re s su re  i n  t h e  d r i v e r  tubes)  

from 5 t o  30 ps ig .  A maximum peak pressure  of 27.4 psf  (156 dB 

r e f .  0.0002 dyne/cm2) a t  10 f e e t  d i s t a n t  was demonstrated f o r  a 

d r i v e r  p re s su re  of 30 p s i g ;  while  a t  100 f e e t  d i s t a n t ,  a p re s su re  

of 5.4 psf  was recorded. The microphones used w e r e  placed 

approximately 6 inches above t h e  ground level and w e r e  shock 

mounted. 

From t h e  d a t a ,  a contour of t h e  sound p res su re  r a d i a t i o n  from t h e  

mouth of t h e  horn i s  p l o t t e d  i n  Figure 1 2 .  A number of equal  

pressure  contours i n  psf a r e  shown a s  a func t ion  of l a t e r a l  

d i s t ance  from t h e  horn for  a cons t an t  d r i v e r  p r e s s u r e  of 10 ps ig .  

Typical near  f i e l d  p re s su re  s i g n a t u r e s  a s  measured 100 f e e t  

from t h e  mouth of t h e  horn a r e  shown on t h e  o s c i l l o g r a p h  r eco rds  

of Figure 1 3  f o r  two l a t e r a l  p o s i t i o n s  near  the ground, Over- 

p re s su res  of approximately 0.90 psf  w e r e  measured a t  a l a t e r a l  

d i s t ance  of 15  f e e t ,  whi le  a t  a l a t e r a l  d i s t a n c e  of 75 f e e t ,  t h e  

overpressure w a s  i n  t h e  o r d e r  of  0 .25  p s f .  F i g u r e  14 i s  a photo- 

graph of t h e  s imulator  du r ing  " f i r i n g "  o p e r a t i o n s  a t  the son ic  

20 



-5 
I 
I 

21 



100 

90 

80 

70  

4 60 
d 

s W 

R 
50 H n 

40 

30 

20 

10 

5 

-- 
I 

A - -  

V- 
I I 

iremen 
)ximat 
id-L*y 

1 r i v e r  

___- 

?SF 

_-_ -- 

; W i t h  M!icrophor 
-y 6" Above 

0 2 0  30 40 50 

B 

L a t e r a l  Dis tance  From Horn A x i s ,  F t .  

FIGURE 1 2  SONIC BOOM SIMULATOR - CONTOURS OF EQUAL OVERPRESSURE 

22 



1 i 

r 
? 

23 





boom t es t  a rea  of Edwards A i r  Force Base. 

The above da ta  a r e  presented he re  t o  i n d i c a t e  t h e  type and 

approximate magnitude of pressure  pu l ses  encountered w i t h i n  

t h e  immediate a rea  of t h e  horn. 

The simulator  i s  c u r r e n t l y  be ing  employed i n  environmental 

tests be ing  conducted by t h e  Department of Agricul ture  f o r  

animal husbandry research.  
I 

i 
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APPEND1 

SHOCK/EXPANSION CHARACTERISTICS 

The fundamental shock/expansion flow c h a r a c t e r i s t i c s  a r e  

summarized i n  t h e  following ma te r i a l .  

I n i t i a l  d r iver -dr iven  pressure  r a t i o  i s  given i n  terms of 

" s t r eng th ,  'I P2 , , of t h e  primary shock wave* - 2v 

Note t h a t  t h e  gauge d r i v i n g  pressure  i s  r e l a t e d  t o  P,, by 

For t h e  cons tan t  a r ea  po r t ion  of t h e  driven sec t ion ,  t h e  

shock wave Mach number i s  

The l o c a l  flow Mach number immediately behind t h e  shock wave 

( reg ion  2)  i s  expressed by 

TABLE 
NO. 

*Equations given he re  assume i d e n t i c a l  d r i v e r  and dr iven  gases ,  
w i th  t h e  same i n i t i a l  temperature (i. e . ,  TI =Tq , y1 =y4, ... a, =a4 ) . 
For more gene ra l  r e l a t i o n s ,  see Reference 4. 
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and t h e  l o c a l  flow Mach numb= behind t h e  contact  sur face  

i s  

The p a r t i c l e  ve loc i ty ,  u2, normalized by a, i s  

r 

The wave speed €or  t h e  t r a i l i n g  edge of t he  r a r e f a c t i o n  wave 

(normalized by a 4 )  i s  given by 

y-l 

and f o r  t h e  leading edge of t h e  r e f l e c t e d  r a r e f a c t i o n  wave, 

y-l 
2Y 

(u3 + a 3 )  = (%-0+1) ( P 2 l p 1 4 )  
1 
a4 

- -  - c3 4 + 

The pressure  r a t i o  across  t h e  shock wave on normal r e f l e c t i o n  

from a plane sur face  i s  given by 

and t h e  Mach number of t h e  r e f l e c t e d  shock wave i s  

TABLE 

r=--- 

2 

3 

3 

3 

4 

4 
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TABLE 

- _  

A t  s t a t i o n  n w i th in  t h e  expansion (horn) s e c t i o n ,  t h e  Mach 

number becomes 

Following Whitham's r e s u l t s  ( see  Reference 5) f o r  expansion 

flows, t h e  incremental change i n  Mach number i n  t h e  expansion 

reg ion  i s  

I where 

- - -  AA 
An 

and 

F i n a l l y ,  t h e  expansion r a t i o  a t  s t a t i o n  n i s  

F igures  1 through 5 of t h i s  appendix are g raph ica l  r ep resen ta t ions  

of t h e  d a t a  contained i n  Tables 1 through 7 .  
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APPENDIX I 

TABLE I 

P21 P12 P14 P41 P4 
(PSIG) 
0. 
1.5127 
3.1115 
4.7982 

1.0000 
1.05 00 
1.1000 
1.1500 

1.0000 
0.9524 
0.9091 
0.8696 

1.0000 
0.9067 
0.8253 
0.7539 

1.0000 
1.1029 
1.2117 
1.3264 

1.2000 
1.2500 
1.3000 
1.3500 

0.8333 
0.8000 
0.7692 
0.7407 

0.6910 
0.6352 
0.5855 
0.5411 

1.4473 
1.5744 
1.7080 
1.8481 

6.5750 
8.4440 
10.407 4 
12.4674 

1.4000 
1.4500 
1.5000 
1.5500 

0.7143 
0.6897 
0.6667 
0.6452 

14.6262 
16.8863 
19.2499 
21.7196 

0.5013 
0.4654 
0.4330 
0.4036 

1.9950 
2.1487 
2.3095 
2.4775 

1.6000 
1.6500 
1.7000 
1.7500 

24.2979 
26.9873 
29.7905 
32.7101 

0.6250 
0.6061 
0.5882 
0.5714 

0.3769 
0.3526 
0.3304 
0.3101 

2.6529 
2.8359 
3.0266 
3.2252 

1.8000 
1.8500 
1.9000 
1.9500 

0.5556 
0.5405 
0.5263 
0.5128 

0.5000 
0.4878 
0.4762 
0.4651 

0.2914 
0.2742 
0.2584 
0.2437 

0.2302 
0.2177 
0.2060 
0.1952 

3.4319 
3.6469 
3.8704 
4.1026 

4.3437 
4.5940 
4.8535 
5.1225 

35.7489 
38.9097 
42.1954 
45.6 088 

2.0000 
2.0500 
2.1000 
2.1500 

49.1530 
52.8311 
56.6461 
60.6012 

2.2000 
2.2500 
2.3000 
2.3500 

0.4545 
0.4444 
0.4348 
0.4255 

0.1851 
0.1757 
0.1670 
0.1588 

5.4013 
5.6901 
5.9891 
6.2986 

64.6997 
68.9449 
73.3402 
77.8890 

2.4000 
2.4500 
2.5000 
2.5500 

0.4167 
0.4082 
0.4000 
0.3922 

0.1511 
0.1439 
0.1371 
0.1308 

6.6187 
6.9498 
7.2920 
7.6457 

82.5949 
87.4615 
92.492 5 
97.6915 

0.3846 
0.3774 
0.3704 
0.3636 

0.1248 
0.1192 
0.1139 
0.1089 

8.0111 
8.3884 
8.7780 
9.1800 

103.0625 
108.6094 
114.3360 
120.2466 

126.3452 
132-6360 
139.1234 
145.8119 

2.6000 
2.6500 
2.7000 
2.7500 

0.3571 
0.3509 
0.3448 
0.3390 

0.1042 
0.0998 
0.0956 
0.0916 

9.5949 
10.0229 
10.4642 
10.9192 

2.8000 
2.8500 
2.9000 
2.9500 
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APPENDIX I 

TABLE I1 

P21 M10 M2 0 M3 0 P2 
(PSFG) 
0. 

105.8400 
211.6800 
317.5200 

1.0000 
1.0500 
1.1000 
1.1500 

1.0005 
1.0217 
1.0425 
1.0629 

0. 
0.0347 
0.0676 
0.0988 

0. 
0.0353 
0.0696 
0.1031 

1.2000 
1.2500 
1.3000 
1.3500 

1.0829 
1.1025 
1.1218 
1.1407 

0.1285 
0.1569 
0,1839 
0.2099 

0.1358 
0.1677 
0.1990 
0.2297 

423.3600 
529.2000 
635.. 0400 
740.8800 

1.4000 
1.4500 
1.5000 
1.5500 

1.1594 
1.1778 
1.1958 
1.2136 

0.2347 
0.2586 
0.2816 
0.3037 

0.2597 
0.2893 
0.3183 
0.3468 

846.7199 
952.5590 
1058.3999 
1164.2399 

1.6000 
1.650C 
1.700C 
1.750C 

1.2312 
1.2485 
1.2655 
1.2824 

0,3250 
0.3456 
0.3655 
0.3847 

0.3749 
0.4026 
0.4299 
0.4568 

1270.0799 
1375.9199 
1481.7599 
1587.5999 

1.8000 
1.8500 
1.9000 
1.9500 

1.2990 
1.3154 
1.3316 
1.3476 

0.4033 
0.4213 
0.4388 
0.4557 

0.4834 
0.5096 
0.5355 
0.5611 

1693.4399 
1799.2799 
1905.1199 
2010.9599 

2.0000 
2.0500 
2.1000 
2.1500 

1.3635 
1.3791 
1.3946 
1.4099 

0.4722 
0.4882 
0.5038 
0.5189 

0.5865 
0.6115 
0.6364 
0.6609 

2116.7998 
2222.6398 
2328.4798 
2434.3197 

2.2000 
2.2500 
2.3000 
2.3500 

1.4250 
1.4400 
1.4548 
1.4695 

0.5337 
0.5480 
0.5620 
0.5757 

0,6853 
0.7094 
0.7333 
0.7570 

2540.1597 
2645.9997 
2751.8396 
2857.6796 

2.4000 
2.4500 
2.5000 
2.5500 

1.4840 
1.4984 
1.5126 
1.5267 

0.5890 
0.6020 
0.6146 
0.6270 

0.7806 
0.8039 
0.8271 
0.8501 

2963.5195 
3069.3595 
3175.1995 
3281.6394 

2.6000 
2.6500 
2.7000 
2.7500 

1.5407 
1.5546 
1.5683 
1.5819 

0.6391 
0.6510 
0.6625 
0.6739 

0.8730 
0.8957 
0.9182 
0.9406 

3386.8794 
3492.7194 
3598.5593 
3704.3993 

2.8000 
2.8500 
2.9000 
2.9500 

1.5954 
1.6088 
1.6221 
1.6353 

0.6849 
0.6958 
0.7064 
0.7168 

0.9629 
0.9851 
1.0071 
1.0290 

3810.2392 
3916.0792 
4021,9192 
4127.7591 
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APPENDIX I 

TABLE I11 

P21 u2 1- 0 c34+ c34- 

1.0000 
1.0500 
1.1000 
1.1500 

0. 
0.0350 
0.0685 
0.1008 

1.0000 
1.0280 
1.0549 
1.0808 

-1.0000 
-0.9580 
-0.9176 
-0.8788 

-0.8414 
-0.8053 
-0.7703 
-0.7365 

1.2000 
1.2500 
1.3000 
1.3500 

0.1319 
0.1620 
0.1910 
0.2192 

1.1057 
1.1298 
1.1531 
1.1757 

1.4000 
1.4500 
1.5000 
1.5500 

0.2464 
0.2729 
0.2987 
0.3237 

1.1975 
1.2188 
1.2394 
1.2595 

-0.7037 
-0.6719 
-0.6409 
-0.6108 

-0.5815 
-0.5529 
-0.5250 
-0.4977 

1.6000 
1.6500 
1.7000 
1.7500 

0.3481 
0.3719 
0.3951 
0.4177 

1.2790 
1.2981 
1.3167 
1.3349 

-0.4711 
-0.4450 
-0.4196 
-0.3946 

1.8000 
1.8500 
1.9000 
1.9500 

0.4399 
0.4616 
0.4828 
0.5035 

1.3526 
1.3700 
1.3870 
1.4036 

-0. 3701. 
-0.3461 
-0.3216 
-0.2995 

2.0000 
2.0500 
2.1000 
2.1500 

0.5239 
0.5438 
0.5634 
0.5826 

1.4199 
1.4359 
1.4516 
1.4670 

-0.2768 
-0.2545 
-0.2326 
-0.2110 

2.2000 
2.2500 
2.3000 
2.3500 

0.6015 
0.6201 
0.6383 
0.6562 

1.4821 
1.4970 
1.5116 
1.5260 

-0.1898 
-0.1689 - 0.1484 
-0.1281 

2.4000 
2.4500 
2.5000 
2.5500 

0.6739 
0.6912 
0.7083 
0.7252 

1.5401 
1.5540 
1.5678 
1.5813 

-0.1082 
-0.0885 
-0.0691 
-0.0500 

2.6000 
2.6500 
2.7000 
2.7500 

0.7418 
0.7581 
0.7743 
0.7902 

1.5946 
1.6077 
1.6206 
1.6334 

-0.0311 
-0.0125 
0.0059 
0.0241 

2.8000 
2.8500 
2.9000 
2.9500 

0.8059 
0.8214 
0.8367 
0.8518 

1.6459 
1.6583 
1.6706 
1.6827 
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APPENDIX I 

TABLE IV 

P21 w21-0 P5 1 P5 
(PSIG) 

-0.0000 
1.5013 
3.0642 
4.6876 

1.0000 
1.0500 
1.1000 
1.1500 

1.0005 
0.9937 
0.9876 
0.9821 

1.0000 
1.1021 
1.2085 
1,3189 

0.9772 
0.9728 
0.9688 
0.9652 

1.4333 
1.5517 
1.6740 
1.8000 

1.2000 
1.2500 
1.3000 
1.3500 

6.3700 
8.1103 
9.9074 
11.7600 

13.6670 
15.6274 
17.6400 
19.7038 

1.4000 
1.4500 
1.5000 
1.5500 

0.9621 
0.9592 
0,9567 
0.9544 

1.9297 
2.0631 
2.2000 
2.3404 

1.6000 
1.6500 
1.7000 
1.7500 

0.9524 
0.9507 
0.9492 
0.9478 

2.4842 
2.6314 
2.7818 
2.9355 

21.8179 
23.9812 
26.1927 
28.4516 

1.8000 
1.8500 
1.9000 
1.9500 

0.9467 
0.9458 
0.9450 
0.9444 

3.0923 
3.2522 
3.4152 
3.5811 

30.7569 
33.1078 
35.5033 
37.9426 

2.0000 
2.0500 
2.1000 
2.1500 

0.9439 
0.9436 
0.9434 
0.9433 

3.7500 
3.9217 
4.0963 
4.2736 

40.4250 
42.9496 
45.5155 
48.1222 

2.2000 
2.2500 
2.3000 
2.3500 

0.9433 
0.9434 
0.9436 
0.9440 

4.4537 
4.6364 
4.8217 
5.0096 

50.7688 
53.4545 
56.1788 
58.9408 

61.7400 
64.5756 
67.4470 
70.3537 

2.4000 
2.4500 
2.5000 
2.5500 

0.9444 
0.9448 
0.9454 
0.9460 

5.2000 
5.3929 
5.5882 
5.7860 

73.2949 
76.2700 
79.2786 
82.3200 

2.6000 
2.6500 
2.7000 
2.7500 

0.9467 
0.9475 
0.9483 
0.9492 

5.9860 
6.1884 
6.3931 
6.6000 

2.8000 
2.8500 
2.9000 
2.9500 

0.9501 
0.9511 
0.9521 
0.9532 

6.8091 
7.0203 
7.2337 
7.4492 

85.3936 
88.4990 
91.6355 
94.8027 
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TABLE V 

P21 

1.0000 
1.0500 
1.1000 
1.15 00 

1.2000 
1.2500 
1.3000 
1.3500 

1.4000 
1.4500 
1.5000 
1.5500 

1.6000 
1.6500 
1.7000 
1.7500 

1.8000 
1.8500 
1.9000 
1.9500 

2.0000 
2.0500 
2.1000 
2.1500 

2.2000 
2.2500 
2.3000 
2.3500 

2.4000 
2.4500 
2.5000 
2.5500 

2.6000 
2.6500 
2.7000 
2.7500 

2. m o o  
2.8500 
2.9000 
2.9500 

( M I  1 

1.0005 
1.0217 
1.0425 
1.0629 

1.0829 
1.1025 
1.1218 
1.1407 

1.1594 
1.1778 
1.1958 
1.2136 

1.2312 
1.2485 
1.2655 
1.2824 

1.2990 
1.3154 
1.3316 
1.3476 

1.3635 
1.3791 
1.3946 
1.4099 

1.4250 
1.4400 
1.4548 
1.4695 

1.4840 
1.4984 
1.5126 
1.5267 

1.5407 
1.5546 
1.5683 
1.5819 

1.5954 
1.6088 
1.6221 
1.6353 

(MI 2 

1.0003 
1.0150 
1.0298 
1.0448 

1.0596 
1.0740 
1.0882 
1.1019 

1.1153 
1.1283 
1.1408 
1.1528 

1.1649 
1.1769 
1.1884 
1.1996 

1.2110 
1.2218 
1.2328 
1.2434 

1.2539 
1.2644 
1.2747 
1.2849 

1.2949 
1.3048 
1.3146 
1.3243 

1.3339 
1.3433 
1.3526 
1.3618 

1.3709 
1.3799 
1.3888 
1.3975 

1.4062 
1.4147 
1.4232 
1.4315 

(MI 4 

1.0002 
1.0101 
1.0203 
1.0306 

1.0408 
1.0509 
1.0608 
1.0703 

1.0797 
1.0887 
1.0975 
1.1061 

1.1145 
1.1227 
1.1307 
1.1386 

1.1463 
1.1540 
1.1615 
1.1689 

1.1761 
1.1833 
1.1904 
1.1974 

1.2044 
1.2112 
1.2179 
1.2246 

1.2311 
1.2376 
1.2440 
1.2503 

1.2565 
1.2626 
1.2687 
1.2746 

1.2805 
1.2863 
1.2920 
1.2976 

( M I  8 

1.0001 
1.0068 
1.0138 
1.0208 

1.0278 
1.0347 
1.0415 
1.0481 

1.0546 
1.0608 
1.0669 
1.0729 

1.0787 
1.0843 
1.0899 
1.0954 

1.1007 
1.1060 
1.1112 
1.1164 

1.1214 
1.1265 
1.1314 
1.1363 

1.1411 
1.1458 
1.1505 
1.1551 

1.1597 
1.1642 
1.1686 
1.1730 

1.1773 
1.1816 
1.1858 
1.1899 

1.1940 
1.1980 
1.2020 
1.2059 

(MI 16 

1.0001 
1.0046 
1.0093 
1.0140 

1.0188 
1.0235 
1.0282 
1.0327 

1.0371 
1.0414 
1.0456 
1.0497 

1.0537 
1.0576 
1.0614 
1.0652 

1.0689 
1.0726 
1.0762 
1.0798 

1.0833 
1.0867 
1.0902 
1.0936 

1.0969 
1.1002 
1.1035 
1.1067 

1.1099 
1.1130 
1.1161 
1.1191 

1.1221 
1.1251 
1.1280 
1.1309 

1.1337 
1.1365 
1.1393 
1.1420 

(MI 32 

1.0000 
1.0031 
1.0062 
1.0095 

1.0127 
1.0159 
1.0191 
1.0221 

1.0251 
1.0281 
1.0309 
1.033 7 

1.0365 
1.0392 
1.0418 
1.0444 

1.0469 
1.0495 
1.0519 
1.0544 

1.0568 
1.0532 
1.0616 
1.0639 

1.0662 
1.0685 
1.0708 
1.0730 

1.0752 
1.0774 
1.0795 
1.0816 

1.0837 
1.0858 
1.0878 
1.0898 

1.0918 
1.0937 
1.0956 
1.0975 
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TABLE VI 

P21 

1.0000 
1.0500 
1.1000 
1.1500 

1.2000 
1.2500 
1.3000 
1.3500 

1.4000 
1.4500 
1.5000 
1.5500 

1.6000 
1.6500 
1.7000 
1.7500 

1.8000 
1.8500 
1.9000 
1.9500 

2.0000 
2.0500 
2.1000 
2.1500 

2.2000 
2.2500 
2.3000 
2.3500 

2.4000 
2.4500 
2.5000 
2.5500 

2.6000 
2.6500 
2.7000 
2.7500 

2.8000 
2.8500 
2.9000 
2.9500 

(P21) 1 

1.0012 
1.0512 
1.1013 
1.1513 

1.2014 
1.2514 
1.3015 
1.3515 

1.4016 
1.4516 
1.5017 
1.5517 

1.6018 
1.6518 
1.7019 
1.7519 

1.8020 
1.8520 
1.9021 
1.9521 

2.0022 
2.0522 
2.1@23 
2.1523 

2.2024 
2.2524 
2.3025 
2.3525 

2,4026 
2.4526 
2.5027 
2.5527 

2.6028 
2.6528 
2.7029 
2.7529 

2.8030 
2.8530 
2.9031 
2.9531 

(P21) 2 

1.0008 
1.0351 
1.0705 
1.1069 

1.1432 
1.1792 
1.2148 
1.2500 

1.2847 
1.3186 
1.3517 
1.3837 

1.4165 
1.4494 
1.4811 
1.5122 

1.5442 
1.5748 
1.6064 
1.6372 

1.6677 
1.6984 
1.7289 
1.7594 

1.7896 
1.8197 
1.8496 
1.8794 

1.9090 
1.9385 
1.9679 
1.9970 

2.0260 
2.0549 
2.0835 
2.1120 

2.1403 
2.1684 
2.1963 
2.2240 

(P21) 4 

1.0005 
1.0237 
1.0479 
1.0725 

1.0972 
I. 1219 
1.1461 
I. 1699 

1.1933 
1.2163 
1.2387 
1.2607 

1.2824 
1.3038 
1.3249 
1.3458 

1.3665 
1.3869 
1.4072 
1.4273 

1.4472 
1.4670 
1.4867 
1.5062 

1.5256 
1.5448 
1.5639 
1.5828 

1.6016 
1.6203 
1.6388 
1.6571 

1.6753 
1.6933 
1.7111 
1.7288 

1.7463 
1.7636 
1.7808 
1.7977 

(P21) 8 

1.0003 
1.0160 
1.0323 
1.0490 

1.0658 
1.0824 
1.0988 
1.1150 

1.1308 
1.1462 
1.1613 
1.1762 

1.1908 
1.2051 
1.2192 
1.2331 

1.2469 
1.2605 
1.2740 
1.2874 

1.3006 
1.3137 
1.3267 
1.3396 

1.3524 
1.3650 
1.3776 
1.3900 

1.4024 
1.4146 
1.4267 
1.4386 

1.4505 
1.4622 
1.4738 
1.4852 

1.4966 
1.5078 
1.5188 
1.5298 

(P21) 16 

1.0001 
1.0107 
1.0217 
1.0330 

1.0443 
1.0556 
1.0666 
1.0775 

1.0882 
1.0986 
1.1088 
1.1188 

1.1286 
1.1383 
1.1478 
1.1571 

1.1664 
1.1755 
1.1846 
1.1935 

1.2024 
1.2112 
1.2199 
1.2285 

1.2370 
1.2455 
1.2539 
1.2622 

1.2704 
1.2785 
1.2866 
1.2945 

1.3024 
1.3102 
1.3178 
1.3254 

1.3329 
1.3403 
1.3477 
1.3549 

(P21) 32 

1.0000 
1.0072 
1.0146 
1.0222 

1.0298 
1.0374 
1.0449 
1.0522 

1.0594 
1.0664 
1.0733 
1.0800 

1.0867 
1.0932 
1.0996 
1.1059 

1.1121 
1.1182 
1.1243 
1.1304 

1.1363 
1.1422 
1.1481 
1.1539 

1.1596 
1.1653 
1.1710 
1.1765 

1.1820 
1.1875 
1.1929 
1.1982 

1.2035 
1.2087 
1.2138 
1.2189 

1.2239 
1.2289 
1.2338 
1.2386 
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TABLE V I 1  

P21 

1.0000 
1.0500 
1.1000 
1.1500 

1.2000 
1.2500 
1.3000 
1.3500 

1,4000 
1.4500 
1.5000 
1.5500 

1.6000 
1.6500 
1.7000 
1.75 00 

1.8000 
1.8500 
1.9000 
1.9500 

2.0000 
2,0500 
2.1000 
2.1500 

2.2000 
2.2500 
2.3000 
2.3500 

2.4000 
2.4500 
2.5000 
2.5500 

2.6000 
2.6500 
2.7000 
2.7500 

2.8000 
2.8500 
2.9000 
2.9500 

(p2)1 

2.4695 
108.4156 
214.3618 
320.3079 

426.2540 
532.2001 
638.1462 
744.0924 

850.0385 
955,9847 
1061.9308 
1167.8770 

1273.8231 
1379.7692 
1485.7 154 
1591.6615 

1697.6077 
1803.5538 
1909.4999 
2015.4460 

2121.3922 
2227.3381 
2333.2844 
2439.2304 

2545.1765 
2651.1226 
2757.0688 
2863.0148 

2968.9609 
3074.9070 
3180.8532 
3288.7992 

3392.7452 
3498.6914 
3604.6375 
3710.5836 

3816.5297 
3922.4758 
4028.4219 
4134.3679 

(P2)2 

1.6546 
74,3997 

149.1773 
226.3503 

303.1192 
379.2419 
454.6594 
529.1922 

602.5691 
674.4500 
744.4443 
812.1291 

881.7373 
951.2762 
1018.4340 
1084.2792 

1152.0371 
1216.7508 
1283.6617 
1348.7921 

1413.4632 
1478.3320 
1542.8918 
1607.4327 

1671.4055 
1735,0914 
1798.4463 
1861.4985 

1924.2509 
1986.6794 
2048.7490 
2110.5132 

2171.9035 
2232.9323 
2293.5869 
2353.8549 

2413.7376 
2473.2167 
2532.2792 
2590.9473 

(P2)4 

1.0985 
50.2574 
101.3972 
153.5653 

20.5.8485 
258.0071 
309.352’3 
359.6790 

409.1491 
457.7676 
505.2722 
551.7845 

597.8530 
643.0864 
687.8492 
732.0397 

775.7187 
818.9821 
861.8654 
904.4199 

946.6413 
988.5451 
1030.1618 
1071.4737 

1112.4904 
1153.2059 
1193.6199 
1233.7228 

1273.5161 
1312.9907 
1352.1366 
1390.9529 

1429.4284 
1467.5579 
1505.3391 
1542.7631 

1579.8262 
1616.3597 
1652.8381 
1688.6694 
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(P2)8 

0.6996 
33.8382 
68.3915 
103.7051 

139.2090 
174.4719 
209.2416 
243.3’720 

276.8013 
309.5003 
341.5436 
372.9650 

403.8045 
434.1482 
464.0370 
493.5309 

522.6620 
551.4929 
580.0198 
608.2837 

636.2938 
664.0567 
691.5808 
718.8687 

745.8860 
772.7369 
799.3138 
825.6487 

851.7375 
877.5677 
903.1606 
928.4830 

953.5536 
978.3526 

1002.8838 
1027.1420 

1051.1273 
1074.8346 
1098.2630 
1121.4115 

16 

0.3062 
22.7486 
46.0227 
69.8376 

93.7899 
117.5926 
141.0628 
164.0971 

186.6480 
208.7145 
230.3119 
251.4738 

272.2450 
292.6631 
312.7690 
332.5964 

352.1758 
371.5298 
390.6790 
409.6 349 

428.4088 
447.0062 
465.4314 
483.6869 

501.7716 
519.6855 
537.4256 
554.9909 

572.3789 
589.5857 
606.6098 
623.4483 

640.0980 
656.5551 
672.8202 
688.8890 

704.7410 
720.4341 
735.9059 
751.1606 

(P2) 32 
(PSFG) 

-0.0000 
15.2852 
30.9491 
46.9894 

63.1308 
79.1766 
95.0012 
110.5321 

125.7373 
140.6118 
155.1700 
169.4328 

183.4290 
197.1848 
210.7296 
224.0832 

237.2682 
250.2989 
263.1891 
275.9466 

288.5795 
301.0903 
313.4824 
325.7573 

337.9137 
349.9508 
361.8686 
373.6656 

385.3382 
396.8844 
408.3033 
419.5940 

430.7516 
441.7738 
452.6637 
463.4136 

474.0279 
484.4989 
494.8298 
505.0109 
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FIGURE 1 - PrnSSURES IN WFAK (QUASI-LINEAR) B O W L  SHOCK FLOW 
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F I G U R E  2 - SHOCK TUBE FLOW CHARACTERISTICS 
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APPENDIX I1 

LIST OF SYMBOLS - 

N 

p4 

p1 4 

T 

t 

Area in the expansion region at station n 

Cross-sectional area of the shock tube and 
acoustic horn throat 

Speed of sound in flow region i 

Reflected rarefaction wave leading edge velocity 

Rarefaction wave trailing edge velocity 

Rarefaction wave leading edge velocity 

Incremental change in expansion ratio selected 
for numerical integration 

2 x, (211 + 1 + M-2)] 
v 

(y-1) M2 + 2 
2yM” - (y-1) 

where p2 = 

Driver section length 

Driven section Mach number of primary shock wave 

Shock wave Mach number in the expansion region at 
station n 

Gauge pressure, lb/ft2 or lb/in2 

Ratio of driven section pressure to driver section 
pressure prior to diaphragm burst 

Ratio of upstream to downstream pressure across 
the primary shock wave 

Ratio of upstream to downstream pressure across 
the primary shock in the expansion region at 
station n 
Nondimensionalized time 

Time 

Particle velocity in region i U i 

42 



w2 

w2 1 

I x  
X 

Y 

= Ratio of driver gas velocity to ambient sound 

= Local wave speed (relative to the medium) in 

= Mach number of normally reflected shock w a v e  

= Nondimensionalized positior, 

= Axial position in the shock tubehorn combination 

= Ratio of specific heat 

speed in region 1 

region 2 

as measured from the diaphragm location 
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